Burrows resulting from earthworm activity are important for supporting various physical and ecological soil processes. Earthworm burrowing activity is quantified using models for earthworm penetration and cavity expansion that consider soil moisture and mechanical properties. Key parameters in these models are the maximal pressures exerted by the earthworm's hydroskeleton (estimated at 200 kPa). We designed a special pressure chamber that directly measures the pressures exerted by moving earthworms under different confining pressures to delineate the limits of earthworm activity in soils at different mechanical and hydration states. The chamber consists of a Plexiglas prism fitted with inner flexible tubing that hosts the earthworm. The gap around the tubing is pressurized using water, and the earthworm's peristaltic motion and concurrent pressure fluctuations were recorded by a camera and pressure transducer. A model that links the earthworm's kinematics with measured pressure fluctuations was developed. Resulting maximal values of radial pressures for anecic and endogeic earthworms were 130 kPa and 195 kPa, respectively. Mean earthworm peristaltic frequencies were used to quantify burrowing rates that were in agreement with previous results. The study delineates mechanical constraints to soil bioturbation by earthworms by mapping the elastic behaviour in the measurement chamber onto the expected elasto-viscoplastic environment of natural soils.
Introduction
In certain climatic regions, earthworms are considered among the most important soil and ecosystem engineers [1] due to their role in modifying soil structure and affecting its carbon resources [2] . Earthworms burrow through the soil and create preferential pathways for aeration and water flow [1] that may accelerate ground water recharge and, by some accounts, enhance soil water retention [2] . Earthworm burrows may extend the depth of oxic conditions that support soil fauna and flora [3] . The resulting tunnel networks are relatively stable and may be used multiple times by the earthworms, or serve as pathways of reduced mechanical resistance for growing plant roots [4] [5] [6] . Plant roots may benefit in other ways from earthworm-generated biopores; these become hotspots for microbial activity and promote synergy with the plant rhizosphere, thus potentially enhancing crop yields by as much as 25% [7] .
Earthworms employ different mechanical strategies for penetrating the soil. However, the deformation of soil around their bodies as they wedge in has been observed as the most common mode of burrowing under relatively wet soil conditions [8, 9] . In certain regions, earthworm burrowing (and soil ingestion) have been reported to displace 100 kg m 22 of soil per year [1] . The energetic costs of such subterranean activity may consume substantial amounts of soil organic carbon, estimated in the range of 10 to 100 g C m 22 yr 21 [10, 11] , or 1 to 10% of the annual net primary productivity of a typical agricultural soil [12] . These biomechanical energetic costs vary considerably across biomes depending on the soil hydration status [8] , carbon inputs and soil compaction level. With agricultural intensification, increasing soil compaction [13] and potentially warmer climate [14] , soil bioturbation by earthworms is likely to become more energetically costly and the time windows under which soil conditions permit earthworm burrowing activity are likely to shrink. Given the high sensitivity of earthworm communities to soil hydration and carbon resources (with several earthworm species already on the brink of extinction [2] ), it is important to estimate the biophysical limits for earthworm functioning under present and future climates and land-use practices. Recent biomechanical models for earthworm activity consider cavity expansion into elasto-viscoplastic soils with properties that may vary with soil texture, properties and hydration conditions [8] . Such models could be used to estimate critical external environmental factors that mechanically limit earthworm activities. The development of such scenarios relies heavily on a key variable: the maximal earthworm hydroskeletal pressure. This biomechanical parameter is difficult to quantify accurately. Past estimates have been limited to indirect measurements [15, 16] or based on proxies [17, 18] . For example, early studies have measured the colonic fluid pressures of anaesthetized earthworms [15] ; clearly, the resulting low pressures would not support earthworms' regular burrowing activities even in wet and loose soil. Subsequent estimates were based on earthworms' ability to burrow through compacted soil cylinders [16] , but cracks and defects in the soil cylinders may have estimated earthworm pressures. Keudel & Schrader [17] and Quillin [18] attempted to directly measure earthworms' radial pressures by means of mass scales and force transducers. The recorded passive force peaks were used to infer pressure values, an inference confounded by the device geometry rather than the geometry of the earthworms themselves. Photo-elastic gels have been used as a novel method for inferring marine worm pressures [19] . However, these observations required knowledge of the mechanical properties of the photo-elastic gel, hence worm pressures were indirectly estimated. The centrality of the earthworm pressure for estimating rates of burrowing under different climatic and soil conditions, and consequences for soil ecology and structure warrant direct re-evaluation of this biomechanical parameter. We seek a direct and reliable measurement method that considers earthworm geometry and is directly linked with a biomechanical model for earthworm kinematics in soil. Thus, the specific objectives of this study were to:
-develop a measurement device that can measure an earthworm's radial pressure threshold for different confining pressures and different earthworm species; -formulate a theoretical framework for the peristaltic mechanical motion and resulting pressures to enable interpretation of earthworm pressure pulses; and -apply the results and place these new earthworm biophysical traits into the broader context of soil bioturbation and structure generation.
We briefly review the mechanics of earthworms burrowing into natural soils, considering penetration-cavity expansion, and extend the model to consider kinematics of peristaltic motions and associated quantities. We then propose a new pressure chamber in order to directly measure earthworm pressure pulses. We report results from pressure measurements for different species of earthworms, detailing their static pressure limits and kinematics. Finally, we evaluate the peristaltic motion model and its implications for linear elastic (compaction) conditions and compare the deformations to elasto-viscoplastic (natural soil) conditions.
Theoretical considerations
A list of symbols and units can be found in electronic supplementary material S1.
The mechanics of soil bioturbation by earthworms-an overview
Visual evidence of earthworms burrowing in soil has shown that the process is dominated by mechanical displacement and not by soil ingestion [8] . Initially, earthworms locally contract radial muscles and axially extend local segments tip-wise into soil gaps and pores. Subsequently, the earthworms axially contract their hydroskeleton segments to exert localized radial expansion pressures. Alternating between these modes results in a peristaltic motion that permits earthworm locomotion [18] . In soils, the radial expansion serves two purposes. First, it allows an earthworm to locally anchor segments of its body while penetrating into soil. Second, it allows the earthworm to radially pressurize a cavity and deform the soil, potentially exploiting paths of least resistance and loosening soil in the forefront [20] . The mechanics of earthworms radially expanding cavities in soil have been reported in detail [8, 10] , thus we only provide a brief overview. To quantify the magnitude of radial pressure required by an earthworm to expand in wet elasto-viscoplastic soils, we first consider the force balance at equilibrium:
where r (m) is the distance from the centre of the cavity, s r (Pa) is the radial stress acting compressively in the radial direction of the expanding cavity and s u (Pa) is the hoop (circumferential) stress, which quantifies the tension of the cavities' circumference. When the difference between the two principal stresses exceeds the strength threshold of the soil (s u ), the bulk soil material (the mixed phase consisting of water, air and minerals) begins to deform and flows irreversibly. This deformation behaviour is expressed by the Von Mises yield criterion considering viscous soil deformation (we employ the rheological Bingham model [21, 22] for deforming wet soil), relating the difference between the radial and hoop stresses to the summation of the undrained soil strength and the viscoplastic strain rate:
where h (Pa s) is the soil plastic viscosity, s u (Pa) is the undrained soil strength and _ e r (m m 21 s
21
) is the radial strain rate. The 4/3 factor emerges from the cylindrical geometry [23] . Substitution of equation (2.2) into (2.1) yields the following expression:
By integration, we determine the radial stresses as a function of the radius (and the strain rate):
where r c (m) is the minimum cavity size where the quasistatic cavity pressure converges to P L (Pa), which represents the minimal limit pressure required for cavity expansion in soil. Under quasi-static conditions (low expansion rates), the strain rate term in the integral vanishes. By equating changes in the deformed cavity zone (pðr 2 c À r 2 c0 Þ, where r c0 is the initial cavity radius) to the changes in the local inelastic zone (pðR 2 p À ðR p À ððs u ð1 þ nÞÞ=2EÞR p Þ 2 Þ, where R p is the radius of the elasto-viscoplastic interface), we obtain a relationship stating that the quotient of the inelastic zone and the cavity zone converges to the quotient of the elastic modulus, and the shear soil strength:
where E (Pa) is the soil's elastic modulus, n (m m 21 ) is the soil's Poisson's ratio and R p is the elastoplastic interfacial radius. The radial stress at the elastoplastic interface could be expressed as
Thus the minimum radial pressure required to expand a cavity in soil could be inferred by the limit pressure:
The resulting expression would be the minimum amount of pressure an earthworm would have to exert with its hydroskeleton in order to expand a cavity radially in soil. Although we may have values for mechanical properties of soil, it is not given that earthworms could generate the necessary pressures to expand a cavity in soil.
Hydrostatic pressures exerted by earthworms
The experimental system that will be presented in the following section consists of a flexible tube that hosts an earthworm and records the dynamic pulses generated by the earthworm's hydroskeleton during motion (under imposed confining pressure). To describe the processes, we first consider the static force balance between the thin tubing and the earthworm ( figure 1). The pressure relationship between the inner and the outer tubing could be derived starting from the equilibrium equation (2.1); however, as the problem remains linear elastic with no volumetric load, simplification to the equations allows the use of the Airy stress function in polar coordinates [24] : Integrating equation (2.12) gives us the final expression needed to characterize the stresses in the tubing [24] : Figure 1 . Pressure balance at static equilibrium between the pressure chamber and an earthworm. There is minimal resistance by the inner tubing, thus the pressure externally applied will cause the tubing to collapse. The earthworms' outer circumference will be enveloped by the soft inner membrane (a), thus the pressures determined by the pressure system are representative of the earthworms' geometries. The relationship between the outer pressure and earthworm hydroskeleton (b) is quantified by the pressure balance required to open and maintain a cavity. (Online version in colour.) Substituting (2.13) into (2.9) gives the expression for radial stress:
ð2:14Þ Substituting (2.13) into (2.10) gives the expression for circumferential stress:
ð2:15Þ
For linear elastic cavity expansion, C 1 is considered to be zero, thus enabling determination of the radial displacement [24] . We consider as boundary conditions s r (r o ) ¼ 2P o, the confining pressure acting on the outer tubing of the enveloped earthworm (figure 1), and s r (r i ) ¼ 2P i, the pressure applied by the earthworm's hydroskeleton. These allow us to derive the following expressions for the radial stress propagation across the inner tubing:
ð2:16Þ
and the associated circumferential stress:
where r i (m) and r o (m) are the earthworm's hydrostatic radius and outer radius, respectively (figure 1b), and P i (Pa) and P o (Pa) are the inner and outer pressures. For known material mechanical properties,
where u(r) (m) is the radial deformation at a given radius r (m) away from the inner tube radius, E (Pa) is the elastic modulus of the tubing and n (m m 21 ) is the Poisson's ratio of the tubing. We relate the inner tube pressure with the external confining pressure:
ð2:19Þ
Neglecting any deformation of the inner membrane on the surface of the earthworm, the resulting expression is
20Þ Similar membranes were mechanically tested for stiffness and compressibility. These results showed that similar tubing would have a Poisson's ratio n 0.49 subject to hydrostatic pressures exceeding 25 kPa [25] . If we assume that the membrane thickness has a negligible effect on the pressure measurement [25] , (r o ! r i ), then the internal pressure exerted by the earthworm converges to that measured as the external pressure (P i ! P 0 ) at hydrostatic equilibrium. This shows that when the earthworm is incapacitated (static) in the system, the measured external pressures are representative of the earthworm's internal hydroskeletal pressures.
The kinematics of earthworm's peristaltic motion
Unlike the steady insertion of a conical tip into a soil where the pressures and cavity expansion are relatively steady, an earthworm advances by a series of peristaltic motions associated with pressure pulses. To describe the process and enable interpretation of dynamic measurements of an earthworm held in a system under prescribed confining pressures (see Material and methods and electronic supplementary material, S2), we develop a model for translating dynamic volume changes and pressure pulses to maximal pressures exerted by the earthworm. The local expansions and contractions of earthworm segments (figure 2a) are reflected by the pressure changes in the measurement chamber. While several models have been developed to describe earthworm locomotion [26] , we simplify the resulting peristaltic motion as a propagating sinusoidal wave through a thin cylindrical tube (figure 2b,c).
We employ a dynamic description of local pressure and volume wave propagation through a cylindrical tube in order to represent the earthworm's kinematics during peristaltic motion. We assume that an earthworm moving through a confining cylindrical tubing induces longitudinal volume and pressure changes on sections of the tubing at a speed @w/@t (m s 21 ) ( figure 2a). These dynamic pulses are estimated by considering a simplified force balance on an element of the thin tubing ( figure 2c) and the longitudinal impact during the earthworm's propulsion [27] : and u 0 (m) is the amplitude of the radial displacement during peristaltic motion. We note that nominal earthworm radii in this study typically were in the range of 1 -1.5 mm for Aporrectodea caliginosa and 2 -3 mm for Lumbricus terrestris. The system is initially assumed to be radially and axially static. We assume that outside of the measurement chamber, a peristaltic wave is axially propagated into the system (front to back). The velocity of the incoming longitudinal wave (@w/@t(1,t)) proportionally transmits a radial displacement amplitude (u 0 ) based on Poisson's effect. The initial analysis is done in the Laplace domain to isolate the geometric variability on rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20180127 the deformations: wðz, sÞ ¼
where s (s 21 ) is the complex frequency. To solve w, we have to substitute in for the u term in the equation. We first solve the last equation for u:
Substituting this into the equation for w:
where:
We note that the absolute magnitude of the system frequency was 100 Hz, thus when considering the expected wave speed of an earthworm in the system (0.1 -0.25 mm s 21 ), and nominal earthworm radii of the order 1 to 3 mm, we expect that s 2 ) c 2 p =R 2 ; this enables approximation of (2.25) as follows:
The approximation is used later for estimating the radial deformation in the measurement device tubing that holds the earthworm. Solving (2.24) considering the boundary conditions:
wðz, sÞ ¼ À u 0 nR c p 1 Figure 2 . Quantifying the earthworm peristaltic volume changes and pressure pulses within a confined cylindrical geometry (similar to the measurement chamber used in this study). An earthworm passing through a flexible cylindrical membrane transmits a sinusoidal wave that propagates at a speed dependent on the amplitude of its peristaltic pulse (radial expansion u) and the frequency of these peristaltic pulses (v n ). Considering a radial axial symmetric thin tube (b), the force balance on an element of the thin tubing (c) makes use of the longitudinal wave speed in order to determine the reactionary radial deformation u. Considering the amplitude and frequency of the earthworm's peristaltic motion, unique volumetric displacements are defined in the chamber (DV ), which is related to the measured pressure changes (DP 
where H(x) is the Heaviside function. To simplify the expression, the solution for the peristaltic kinematics will take the form
where u 0 (m) is the magnitude of the radial displacement and
Given an analytic expression for the deformation, we obtain the change in the system volume as
ð2:34Þ
The resulting volume change is then used to determine the pressure fluctuations:
where
) is the initial internal chamber volume and K (Pa) is the bulk modulus of the pressure chamber (see electronic supplementary material, S2 for details). Alternatively, measured pressure changes in the system are used to infer the amount of local volumetric deformation travelling through the confined system. A detailed mathematical formulation for extremely confined conditions can be found in electronic supplementary material, S4.
Spectral analysis of burrowing kinematic peristaltic frequency
Measurements of earthworms' pressure pulses provide insights into the earthworm burrowing kinematics. Considering a pressure pulse DP as a deviation from the mean pressure value at a certain confining pressure (figure 3a,b), the frequencies of the pressure fluctuations could be analysed by performing a Fourier transformation on the transient pulses (implemented in Matlab [28] ):
where v (s
21
) is the frequency, t (s) is the time and DP (Pa) is the dynamic pressure pulses. The amplitude frequency response allows us to obtain the operational frequency associated with the primary pressure amplitudes (figure 3c):
ð2:37Þ
These frequency pulses define the wave speed of a peristaltic pulse:
where R % r i (m) is the nominal (relaxed) earthworm radius.
Frequencies obtained from this analysis are used in conjunction with the dynamic model of peristaltic motion in order to check the model validity. Frequencies are also used to extend our inference on the earthworm's kinematic motion outside of the limited measureable window that the device provides.
3. Material and methods
The earthworm pressure chamber
We developed an experimental chamber for measuring earthworm pressures against prescribed confining pressures to assess the limits of their hydroskeleton pressures. The system consists of a Plexiglas prism with a hollowed cylindrical cavity fitted with a thin silicon tubing of 1.5 mm inner radius and 15 mm length for holding an earthworm. Water is injected and transmits prescribed pressure to the thin membrane of the system. The chamber was . Figure 4c illustrates the pressure application closing the internal silicon tube and transmitting pressure directly to passing earthworms.
The experimental procedure is administered similar to a sphygmomanometer blood pressure measurement. Chamber water pressure (P o (Pa)) is increased until the earthworm becomes stationary and the pressure fluctuations diminish (DP ¼ 0 (Pa)). We then relieve the pressure down until we can monitor pressure fluctuations again. We interpret the response as the passing earthworm internal pressure exceeds this level of confining external pressure [29] . While the pressure application is analogous to the sphygmomanometer measurement, there are several important differences in the interpretation of the measurements. Unlike the blood pressure measurement, the muscles of the earthworm are not relaxed and we thus measure the earthworm's hydroskeletal pressures (as evidenced by the high-pressure pulses) and its blood pressures. The fluctuations are clearly associated with physical peristalsis of the earthworm body and not internal blood pressure (as imaging of the motion reveals). Earthworms also have no calcified skeletal system, thus justifying the assumption of incompressibility [30] . The inner tubing was lightly lubricated (Vaseline) to reduce frictional effects and damage to the earthworm skin. Using a thin rigid tube, the earthworms were first placed at the entrance of the device and the end of the rigid tubing was slightly warmed up (warm paper towel) to coax the earthworms into entering the measurement chamber.
Earthworm pressure measurement protocol
Earthworms used in this study were selected based on ecotypes that contribute to generating soil structure. Lumbricus terrestris (anecic) earthworms were purchased locally (Reptile-food.ch GmbH, Duebendorf, Switzerland). Anecic earthworms are characterized by their deep vertical burrowing activity [31] , which may facilitate deep drainage processes and promote ground water recharge. Observations suggest that these burrows are often reused by the earthworms, thus the species is not inclined to frequently generate new burrows.
Aporrectodea caliginosa (endogeic) earthworms were ordered from a research institute in France (INRA). Endogeic earthworms are characterized by frequently creating new horizontal burrows and avoid reusing other burrows [32] . Previous measurements on the maximum pressure threshold have stated that A. caliginosa exert some of the largest pressures of any earthworm currently measured.
Using the developed pressure chamber, we place the earthworm specimen in the centre of the chamber between the flexible tubing (figure 4b). Using a peristaltic pump, we incrementally increase the pressure stepwise until the earthworm drastically slows down (figure 4c). We hold the pressure for rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20180127 30 -60 s. If the earthworm continues to move through the chamber, we increase the pressure in the chamber. This is continued until the earthworm is incapacitated. Once the earthworm stops moving, we release the pressure and remove the earthworm from the chamber. Experiments are carried out on 10 earthworms of a given species (20 in total).
Results

Measuring earthworm's maximum hydroskeletal pressures
We begin with an illustrative example of the measured pressures applied by an endogeic earthworm passing through the pressure chamber ( figure 5 ). The images on the right were taken at different times showing typical behaviour of earthworm hydroskeletal motion. The small pressure pulses are associated with longitudinal deformation as the earthworm attempts to move through the pressurized tube. The confining pressure is increased in steps until the pressure pulses cease, indicating the imposed pressure exceeds the earthworm's maximum hydroskeletal pressure. Subsequently, the pressure is released and the earthworm passes through the device (in most cases, we have not detected physical damage). Details regarding the pressure values for the earthworms tested in the system are presented in table 1 along with literature values from different studies. The maximum pressure under which motion of an endogeic (A. caliginosa) earthworm was measurable was 195 kPa. This value is nearly double the mean of maximum pressures measured for all 10 endogeic earthworms tested (92 kPa), and it resides outside of the standard deviation for the mean values. The maximum value measured for the anecic species (L. terrestris) was 130 kPa, and the mean maximum value for all of the measured anecic species was 77 kPa. This maximum value also falls outside of the standard deviation (51 kPa). Overall, the anecic species appears to exert pressures only slightly greater than half of that of the endogeic earthworms and there are variations among individuals that may exert extreme pressure values (as discussed above).
Measuring earthworm's peristaltic frequency
We report a Fourier analysis of the earthworm's peristaltic motion as depicted in figure 6 . The earthworm pressure pulses were initially small for the lower confining pressures and gradually increase as the confining pressure increases. Part of the apparent increase in the observed pressure pulses could be attributed to increasing the system bulk modulus under higher confining pressure values (electronic supplementary material, S2). The earthworm peristaltic motion frequencies do not vary significantly with pressure confinement. The average peristaltic frequency was determined for the different experiments and is reported in table 2 (a pulse every 16 -50 s on average). These measurements were used to infer wave speeds through the earthworm's entire body. The pressure chamber measures within a length of about 15 mm ( figure 3b,c) , and we monitor a pulse every 16 -50 s. It is unclear whether the pulses traverse the entire length of the earthworm; however, considering the lowest frequency ( pulse ever 50 s), we estimate a peristaltic pulse moving at a speed of 0.3 mm s
21
. For the full length of an earthworm (100-180 mm long), the wave would travel the entire length at about 2-5 min. To reconcile these estimates with our measurements, an earthworm would have to generate several (4-8) contractions along its body during locomotion. Observations suggest that unconfined earthworm peristaltic motion of an A. caliginosa (100 mm length) moving on a wet agar surface generates about four simultaneous contractions on average (figure 7).
Inferring volumetric changes using peristaltic pulses
We can use the estimates for the mean wave speed to compare simulated and measured peristaltic pulses during 90 1 mm t = 100 s 
Measured earthworm maximal pressures in the context of soil behaviour
In this section, we seek to link the pressure measurements in the linear-elastic experimental system to conditions in deformable (elasto-viscoplastic) wet soil. We apply simulation results and measured earthworm pressure pulses in the pressure chamber to the pressures and deformations in natural soils (see electronic supplementary material, S3 for details). Key soil mechanical properties corresponding to the bulk modulus of the experimental pressure chamber can be found in table 3. The pressure and their respective radial strains are illustrated in figure 10 . For all of the observed (and simulated) earthworm pressure responses, viscous soil deformation would be an order of magnitude higher than in the linear elastic pressure chamber. This illustrates an important mechanical difference between measurements in the elastic pressure chamber and behaviour in natural soils.
Discussion
The study focused on establishing a method for obtaining direct measurements of earthworm maximal pressures (and other kinematic variables) important for predicting the envelopes of earthworm activity in different soils and climates. We developed a device and a measurement protocol for directly measuring an earthworm's hydroskeletal pressures under a range of confining pressures (under rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20180127 linear-elastic conditions). The thin flexible inner tubing conforms to the surface of the earthworm's body when the hydroskeleton applies pressure. The resulting direct pressures were obtained under more realistic earthworm geometries than previously reported [16 -18] . The experimental system permits confining pressures and its intrinsic system compressibility values that vary with the confining pressures (see electronic supplementary material, S2, figures S2.1 and S2.2). The set-up permits earthworm passage while simultaneously inferring kinematic information associated with their motion in confined cavities. While the maximum value of the earthworms' pressures were obtained in a nearly elastic measurement system, the value of the measurement itself most probably represents the maximal physiological pressure limit of the earthworms regardless of the mechanical properties of the system that the earthworms burrow through.
The experimental system enabled direct measurements of earthworm pressures (figure 5) while imaging its motion. Tests of 10 endogeic and 10 anecic individual earthworms revealed lower overall maximal pressures than previously reported (table 1) . Comparison between the two ecotypes revealed that the average and maximal pressures exerted by endogeic earthworms were larger than the values measured for anecic earthworms. This may be a consequence of their respective ecological behaviours. Anecic earthworms create deep and stable vertical burrows into the wet soil profiles that are frequently reused [31] . In contrast, endogeic earthworms more frequently burrow through the soil horizontally at shallow depths, feeding on particulate soil organic matter [31] . We surmise that due to the frequent burrowing activity in shallow and drier soil by endogeic earthworms, their ability to exert higher expansion pressures could offer a mechanical advantage and extend their range of activity. In this sense, we consider the biomechanical results obtained in this study to be consistent with the earthworms' respective ecological behaviour.
The measured values were within a similar order of magnitude, roughly half the value reported for endogeic earthworms by Keudel & Schrader [17] and Mckenzie & Dexter [16] . In contrast, we found that the mean confining pressure that limits anecic motion was slightly higher than previously measured [17] . While the mechanical limitations reported here may represent the muscular limitations for the earthworm's hydroskeleton, other means such as ingestion or lubrication with mucus [9, 33] may extend the range of burrowing in soil. We note that the earthworms used in this study were mature with evidence from the clitellum (thickened reproductive gland). We are uncertain of the Figure 9 . Measuring and modelling peristaltic pulses in the pressure chamber. Images of the earthworm passing through the pressure chamber (a,b) illustrate the radial displacement during peristaltic motion. An external chamber pressure was increased to 120 kPa as an earthworm passed through the system (c). As the earthworm passed through the pressure chamber, irregular pressure oscillations were monitored over time (blue curve). Pressure fluctuations as a result of propagating waves on the inner tubing were modelled for a volumetric strain of 7.5 Â 10 23 (orange solid curve) ml ml 21 using the upper limit wave propagation speed obtained from the FFT analysis (frequency of 0.13 Hz in table 2). Zooming into the comparison between the measured and modelled pulse (d ), the resulting pressure fluctuations from a volumetric strain of 7.5 Â 10 23 (ml ml 21 ) are consistent with the measured peristaltic pulses in the system. exact impact that age would have on the earthworm's pressure threshold, but considering the inverse relationship between radial cavity expansion pressures and radii [22, 34] , we expect that juvenile earthworms will experience more difficulty in expanding cavities in the soil. However, these limitations could be mitigated by favourable seasonal and environmental factors (e.g. wetter soils promoting hatching of young earthworms from their cocoons).
In ecological terms, the mechanical activity of endogeic earthworms is limited to water content of 25% (about 2-5% higher than the previous minimum for uncompacted silt loam and silty clay loam, respectively, reported in [8] ). The estimates for the soil organic carbon required for mechanical activity were based on the earthworm pressure limits [10] . Considering the updated maximum earthworm pressures reported in this study (about half the values previously estimated), we estimate that endogeic earthworm communities would not use more than 0.05 kg m 22 yr 21 (less than 5% of the annual NPP in crop lands based on estimates in Beers et al. 2007 [35] ). The lower maximal pressure value would reduce the window of earthworm activity in soil relative to that under which plant roots may grow into the soil [8] . Despite the lower growth rate (0.1 -0.2 mm s 21 ) compared to earthworms (100-500 mm s
21
) [8] , earthworms can only be mechanically active in time windows when soils are moist (water contents wetter than 20% gravimetric). In contrast, plant roots would not be mechanically hindered from growing into soils with a gravimetric water content of the order of 10% [8] . The link between the earthworm's biomechanical limitations and water content could provide potential insights into the origins of seasonality in earthworm activity. For example, Nakamura [36] has shown that the total earthworm population density (ind m 22 ) reduces by 66% between December and August (8 months). Thus earthworm activity peaks during the Autumn months (August to November, 4 months in the northern hemisphere) [36, 37] , which are generally the wettest months in the year. The measurements with the pressure chamber yielded information on the peristaltic motion and frequencies ( figure 6 ). Considering changes in the system's bulk modulus with increasing pressure confinement (see electronic supplementary material, S2), the earthworms do not vary the volume of contraction moving through the pressure system (figure 6) with different external pressures. The frequency of earthworm peristaltic motions operates at wave speeds (equation (2.38) ) of the order of 0.3 mm s 21 ; these are consistent with instantaneous penetration rates of earthworms in soils of 0.1-0.5 mm s 21 [8] . These wave velocities were incorporated in a newly developed kinematic model (equation (2.38)) to reproduce the measured pressure pulses ( figure 8 ) and dynamics in the chamber ( figure 9 ). The new insights from the pressure chamber and capability to obtain direct measurements of earthworm pressures notwithstanding, there are several notable differences between the conditions within the experimental device and in natural soils (figure 10). The radial strains induced by the earthworms were very small, of the order of less than 10% volumetric change in the system. This stands in contrast with the large displacements induced in natural soils (approx. 100%). One main difference lies in the elastic nature of the measurement system, which has a strong confinement and rebound. The elasticity of the pressure chamber is much more persistent than in natural soils, thus an earthworm is never at rest during the measurements. The earthworms must always oppose the external pressures to some degree (to avoid internal collapse). In contrast, the incremental volume changes in soil are permanent once the earthworm overcomes the soil's yield stress [8] . There are still influences of elasticity in the soil, but this is largely remote and negligible in comparison to that of the experimental system.
The experimental system may represent conditions of compacted soil [13, 38] , where precompression stresses could extend to depths of 20-30 cm [39] where most endogeic earthworm activity takes place. Considering compaction increases the elastic range of soils, normal stresses applied by agricultural machinery could be of the order of 300 kPa. This would translate to a mean normal stress at a depth of 30 cm of approximately 60 kPa [39] . Considering the main burrowing mode of earthworms by cavity expansion (where hydroskeleton pressures overcome soil mean normal stresses), our Figure 10 . Modelling pressure pulse responses during peristaltic motion for a range of mechanical properties corresponding to the pressure chamber (linear elastic) and natural partially saturated soils (elasto-viscoplastic). The resulting pressure pulse response (a) was simulated for three sets of mechanical properties associated with pressure chamber bulk modulus and partially saturated soils. For the same pressure input, the resulting deformations (b) can be seen for both the linear elastic pressure chamber and the elasto-viscoplastic soil.
measurements suggest that compacted soil conditions are likely to hinder more than 35% of the earthworms measured in this study. Evidence shows that some compacted soils would exhibit mean normal stresses at the 30 cm depth of 100 kPa [39] , thus hindering 70% of the earthworms measured in this study. These estimates are consistent with literature values showing adverse impacts of soil compaction on earthworms [40] and a 30-40% reduction in population by comparison between a compacted and uncompacted field [13] . These examples show the great sensitivity of earthworm activity to soil compaction and the feedback into soil structure generation that would be delayed (relative to uncompacted soil), thus exacerbating the loss of productivity and adverse impacts of soil compaction [41] .
While the measurement chamber used in this study more closely emulates a range of compacted soil or dry soil conditions, these measured earthworm pressure thresholds remain relevant for inferences of burrowing in all natural soil systems. We may translate the mechanical conditions of the chamber to the expected behaviour and pressures required to expand cavities in elasto-viscoplastic soil (figure 10). Changes in the compressibility of the system based on externally applied pressures affect the system's bulk modulus. This dependence could (in principle) be treated as an analogue to the influence of soil moisture on the soil elastic modulus. However, aspects of deformation relationships must be incorporated explicitly to properly represent the mechanical behaviour of an earthworm in the experimental and elastic chamber and the behaviour in natural soil (figure 10).
Conclusion
We have designed a novel device for directly measuring earthworms' hydroskeletal pressures and kinematics under external confining pressures. The study develops a new simple kinematic model that uniquely considers the earthworm's geometric changes and resulting pressure fluctuations during peristaltic motion. The measured maximum earthworm pressures for endogeic earthworms were (on average) half of the maximum pressures that were previously reported. Pressures measured for anecic earthworms were slightly higher than previously reported, but still of the same order of magnitude. Using the pressure chamber, we were able to develop a method for inferring kinematic information from the pressure pulses and infer peristaltic motion from the earthworms' frequencies. Translating these pulses to moving waves, we determined that the inferred rates from the frequency information were consistent with burrowing rates previously reported. The mechanics in the pressure chamber exhibit a more pronounced elastic behaviour than that of natural soils, but earthworm pressure results could still be used to compare and contrast resulting deformations from the pressure chamber with natural soils. The persistence of elasticity in the device, however, probably provides conditions analogous to compacted soil conditions. Given the reduction in the maximum earthworm pressure, biophysical activity windows are probably narrower than previously anticipated. The new pressure results also reduce the upper estimate for soil organic carbon required for mechanical activity (upper limit around 5% the NPP). Lastly, we would expect that compacted conditions could significantly hinder earthworm activity in soil by 35 -70% until abiotic processes reduce compaction effects.
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